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PROJECT 5112: THE PROPERTIES OF RECTIFYIN JUNCTIONS I N  GaAsxPlmx 
National Aeronautics and Space Administration 
Grant NsG-555 
P ro jec t  Leader: G. L. Pearson 
S t a f f :  S. F. Nygren* 
The purpose of t h i s  pro jec t  i s  t o  s tudy  t h e  prepara t ion  and 
cha rac t e r i za t ion  of r e c t i f y i n g  junc t ions  i n  GaP and G a A s  p I n  
p a r t i c u l a r ,  w e  wish t o  re la te  the  s t r u c t u r e  of t h e  c r y s t a l s  t o  t h e  
x 1-x' 
e lec t r ica l  p rope r t i e s  of t h e  junctions.  During t h i s  q u a r t e r  w e  have 
developed improved techniques for growing GaP s i n g l e  c r y s t a l s  by e i t h e r  
t h e  vapor e p i t a x i a l  or t h e  l i q u i d  e p i t a x i a l  methods. W e  have a l s o  
s tud ied  z inc  d i f fus ion  i n  GaP as a func t ion  of preannealing time. 
A.  C r y s t a l  Growth by Vapor Epitaxy 
I n  general ,  i t  i s  d e s i r a b l e  f o r  semiconductor c r y s t a l s  t o  be  as 
f r e e  from imperfections as possible.  With t h i s  viewpoint i n  mind, w e  
have attempted t o  reduce t h e  number of s t ack ing  f a u l t s  t h a t  are grown 
i n t o  our c r y s t a l s .  The following improved seed handling procedures have 
been incorporated i n t o  our growth technique: 
1. A f t e r  t h e  saw damage i s  lapped of f  t h e  seed c r y s t a l ,  i t  i s  
etched f o r  2.5 minutes i n  9 HN03:1 HF ( ins tead  of t h e  one minute used 
previously).  
2. The gall ium source i s  presa tusa ted  wi th  phosphorus while 
t h e  seed i s  i n  t h e  standby posit ion.  Th i s  i s  meant t o  minimize t h e  
amount of f r e e  gall ium t h a t  might be t ranspor ted  t o  t h e  seed. 
3. The seed i s  vapor etched i n  i t s  growth p o s i t i o n  i n  t h e  
r e a c t i o n  tube  j u s t  before  depos i t ion  of GaP i s  begun. This  i s  accomplished 
by r a i s i n g  t h e  seed temperature t o  930 C f o r  t e n  minutes while  t h e  usual 
0 
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proport  ions of H2 and PC13 vapor are flowing through t h e  
r eac t ion  tube. 
Gallium phosphide c r y s t a l s  grown without t h e  improved seed 
handling technique t y p i c a l l y  have d i s l o c a t i o n  d e n s i t i e s  of g = 1 X 10 cm 
and s tacking f a u l t  d e n s i t i e s  of c2 = 700 c m  
6 -2 
1 
-1 . The f i r s t  c r y s t a l  grown 
6 -2 -1 
with t h e  improved technique had E = 1 x 10  c m  , c2 = 35 cm , 1 
averaged over s eve ra l  square mil l imeters  of area.  
B. C rys t a l  Growth by Liquid Epitaxy 
Our cur ren t  ob jec t ive  with t h e  GaP l i q u i d  e p i t a x i a l  system i s  t o  
grow planar  p-n junc t ions  with cont ro l led  doping l e v e l s  i n  t h e  n- and p- 
type  regions i n  hopes of making supe r io r  diodes. Junct ions t h a t  a r e  
extremely planar  over d i s tances  g r e a t e r  than  500 )I were formed by 
observing t h e  fol lowing precautions: 
1. The growth su r face  [{111)P] of t h e  seed was mechanically 
polished i n  Linde A lapping compound. I n  some cases  it was a l s o  etched 
i n  2 HN03:1 HC1. This  e tchant  removes about 2.3 p/min from t h e  (111)Ga 
and {111}P faces  combined. 
from forming on t h e  {111)P face. 
I t  must be s t rong ly  ag i t a t ed  t o  prevent p i t s  
2. An argon atmosphere was used. Actual ly ,  using an evacuated 
ampoule ins tead  of a r eac t ion  tube  preserves  t h e  seed su r face  even 
better,  but us ing  an ampoule l a rge  enough to conta in  t h e  graphi te  boat 
i s  inconvenient. A low maximum temperature i s  a l s o  found t o  be des i rab le ,  
and 1050 C was chosen as an acceptable compromise between minimum seed 
erosion and maximum GaP s o l u b i l i t y  i n  t h e  G a  so lu t ion .  Table 1 summarizes 
0 
the  seed erosion under various condi t ions.  
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3. Meltback of t h e  seed is minimized by not pouring t h e  
gallium so lu t ion  over the  seed u n t i l  they have s t a r t e d  t o  cool. 
Figure 1 shows a c ross  sec t ion  of an n-type GaP c r y s t a l  w i t h  
a p-type l i qu id  e p i t a x i a l  l aye r ,  
undoped n-type seed, observing the  above precaut ions,  and using a so lu t ion  
The layer  was grown on a (nominally) 
previously grown by vapor epi taxy 
containing a 5.0g gallium, 0.35g Gap, and 4.0 mg zinc.  The acceptor  
concentrat ion at  t h e  su r face  of t h e  l a y e r  i s  5 X 10 c m  . Since t h e  17 -3 
segrega t ion  c o e f f i c i e n t  of z inc  i n  GaP va r i e s  with temperature ,  t h e  doping 
l e v e l  i n  t h e  l a y e r  i s  not uniform. I t  i s  higher near  t h e  i n t e r f a c e  than 
a t  t h e  surface.  Diodes were made from t h i s  c r y s t a l  and were seen t o  
e x h i b i t  green electroluminescence. 
The cross  sec t ion  shown i n  Fig.  1 has been etched t o  show 
crystal  imperfections and t h e  p-n junct ion.  I t  i s  seen t h a t  t h e  m e l t  
grown l aye r  i s  much more perfect  than t h e  seed and t h a t  t h e  junc t ion  i s  
q u i t e  planar.  
C. Zinc Diffusion i n  GaP 
To determine the  e f f ec t  of preannealing on zinc d i f fus ion  i n  GaP 
seve ra l  samples from the  same GaP c r y s t a l  were annealed i n  vacuum f o r  
var ious t imes a t  795 C. Then they were quenched and sealed i n t o  an 
evacuated d i f fus ion  ampoules with elemental zinc. They were d i f fused  
for 1.5 hours a t  795 C. 
0 
0 
I t  was found t h a t  annealing i n  vacuum f o r  t i m e s  up t o  a t  least 21 
hours changed t h e  c r y s t a l  defect  s t r u c t u r e  l i t t l e  i f  a t  a l l .  The pre- 
anneal ing does change t h e  zinc d i f fus ion ,  however. See Fig. 2, I n  t h e  
unannealed sample, t he  maximum depth of t h e  d i f fus ion  sp ikes  is  about 
- 3 -  
4 times as much as t h e  d i f fus ion  depth i n  t h e  more pe r fec t  p a r t s  of t h e  
c r y s t a l .  I n  t h e  annealed samples, t h e  r a t i o  drops to 3, This  i s  an 
improvement, but i t  s t i l l  leaves a very i r r e g u l a r  d i f f u s i o n  f r o n t .  
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PROJECT 5115: SEMICONDUCTOR DEVICES FOR HIGH TEMPERATURE USE 
National Aeronautics and Space Administration 
Grant NsG-555 
Pro jec t  Leader: G. L. Pearson 
S ta f f :  Y. Nannichi 
The purpose of t h i s  pro jec t  is  t o  prepare power r e c t i f i e r s  and 
0 
s o l a r  b a t t e r i e s  which w i l l  operate  a t  temperatures up t o  500 C. 
Power R e c t i f i e r  
A GaP Schottky b a r r i e r  diode (Fig. 1) i s  planned for t h e  power 
r e c t i f i e r .  There a re  severa l  problems which must be solved before  a 
completed device can be prepared. These include: 
(1) preparat ion of an n-type s i n g l e  c r y s t a l  of GaP of good 
q u a l i t y ,  both e l e c t r i c a l l y  and c rys t a l log raph ica l ly ,  
(2) making good ohmic contac t  t o  t h e  n-type GaP c r y s t a l ,  
(3) obta in ing  a c lean su r face  f o r  t h e  Schottky b a r r i e r  and 
(4) evaporating a s u i t a b l e  metal on the  c r y s t a l  i n  order  t o  
ge t  a good Schottky ba r r i e r .  
S o l a r  Bat te ry  
Figure 2 shows a heterojunct ion of G a A s  and GaP which we propose 
fo r  t h e  s o l a r  ba t te ry .  Though i t  has been known t h a t  t h i s  s t r u c t u r e  w i l l  
provide a w i d e r  range of spec t r a l  response and possibly a higher  e f f i -  
ciency, no one has y e t  been successful  i n  preparing a good he tero junc t ion  
f o r  t h i s  purpose. I t  seems f e a s i b l e  t o  obta in  such a junct ion using 
t h e  e p i t a x i a l  techniques developed i n  t h i s  laboratory,  
Research Program 
The research w i l l  be car r ied  out i n  t h e  fol lowing respects :  
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(1) N-type GaP c r y s t a l s  of about 100 p thickness  w i l l  be grown 
by means of both l i qu id  and vapor e p i t a x i a l  methods. The d e s i r a b l e  
r e s i s t i v i t y  range i s  1-10 ohm-cm. The impuri ty  d i s t r i b u t i o n  w i l l  be 
ca lcu la ted  from C-V c h a r a c t e r i s t i c s .  
(2) Ohmic con tac t s  t o  the  high r e s i s t i v i t y  n-type GaP c r y s t a l  
w i l l  be obtained e i t h e r  through a su l fur -d i f fused  l aye r  or through a 
hetero-nn - junct ion of GaP and G a A s .  The s tudy of d i f fus ion  of s u l f u r  
i n t o  GaP i s  being ca r r i ed  out by A. Young i n  t h i s  labora tory  on NsG-155. 
+ 
+ + 
The hetero-nn -junction w i l l  cons i s t  of n-Gap, n -GaAs,and t h e  
t r a n s i t i o n  region of GaAs P i n  which both the  composition r a t i o  x and 
t h e  impurity concentrat ion vary gradual ly  along t h e  growth d i r ec t ion .  
To our knowledge, a heterojunct ion usua l ly  has i n  i t s  t r a n s i t i o n  region 
a b a r r i e r  which i s  supposed t o  be due t o  t h e  l a t t i c e  mis f i t .  This kind 
x 1-x 
of b a r r i e r  i n  the  heterojunct ion s t r u c t u r e  i s  not des i r ab le ,  so w e  w i l l  
t r y  t o  make a w i d e  t r a n s i t i o n  region by con t ro l l i ng  t h e  composition 
r a t i o  during t h e  vapor e p i t a x i a l  growth. I f  w e  make a 5 p t h i ck  
t r a n s i t i o n  region, t h e  m i s f i t  i n  t h e  l a t t i c e  constants  of GaP and G a A s  
i s  expected t o  take p lace  i n  a th ickness  of about 10 atomic layers .  
4 
A metal f i l m  w i l l  be deposited on t h e  heavi ly  doped l aye r  which 
++ 
has been produced by  s u l f u r  d i f fus ion  or on t h e  n 
+ 
form an ohmic contact .  A hetero-nn - junct ion without b u i l t - i n  b a r r i e r s  
G a A s  s u b s t r a t e  t o  
should provide a good contac t  e spec ia l ly  i n  t h e  forward d i r ec t ion ,  
Needless t o  say, a t  elevated temperatures where GaAs is  i n t r i n s i c  or i n  
t h e  s a t u r a t i o n  range, G a A s  w i l l  a c t  as  a conductor r a t h e r  than a 
semiconductor and t h e  good conducting channel w i l l  remain. 
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(3) It is  extremely important t o  prepare a c l ean  su r face  i n  
o rde r  t o  ob ta in  a reproducible Schottky barrier. A cleaved s u r f a c e  is  
c e r t a i n l y  i d e a l  but it i s  not p rac t i ca l .  Low energy A bombardment w i l l  + 
I produce a good sur face .  Best conditions as t o  acce le ra t ion  voltage,  
vapor pressure  of argon, i o n  cu r ren t  dens i ty ,  annealing temperature, etc.,  
w i l l  be s tud ied  f o r  Gap. Argon atoms adsorbed on t h e  GaP s u r f a c e  should 
be  desorbed by success ive  e l ec t ron  bombardment. 
i s  less than  a few v o l t s ,  only a very low energy e l e c t r o n  beam is  
required.  
As t h e  desorp t ion  energy 
(4) Chromium f i l m s  w i l l  be evaporated i n  vacuum on GaP t o  
form t h e  Schottky b a r r i e r .  If necessary, such metals as W, M o ,  and Ta 
which should have high e u t e c t i c  temperatures wi th  Gap, w i l l  be evaporated 
by means of an e l e c t r o n  gun. 
(5) W e  w i l l  t r y  t o  grow a hetero-pn-junction of GaP and GaAs 
i n  a manner s i m i l a r  t o  t h a t  mentioned i n  (2). A s C l  doped wi th  n-type 
i m p u r i t i e s  and FC1 doped with p-type impur i t i e s  w i l l  be k e p t  i n  
bubblers i n  t h e  hydrogen l i n e .  A t  f i rs t ,  n-type G a s  w i l l  be grown on 
t h e  n-type GaAs subs t r a t e .  Then by gradual ly  c los ing  t h e  valves of t h e  
A s C l  
reg ion  w i l l  be grown u n t i l  a p-type GaP l a y e r  i s  grown. E l e c t r i c a l ,  
spectral  and temperature c h a r a c t e r i s t i c s  w i l l  be s tud ied .  There may 
a l s o  be magnetic or po la r i za t ion  e f f e c t s  i n  t h e  heterojunction. 
3 
3 
bubbler w h i l e  opening those  of t h e  El3 bubbler, t h e  t r a n s i t i o n  
3 
2 
A s  t h i s  process requi res  heavi ly  doped materials, a s e p a r a t e  s e t  
UP f o r  t h e  vapor ep i t axy  i s  being constructed.  
- 3 -  
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F I G .  2 - S t r u c t u r e  and Band Diagram of a GaAs-GaP 
Heterojunction So la r  Bat tery.  
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PROJECT 5116: DONOR IMFVRITIES I N  GaP 
National Aeronautics and Space Administration ' 
Grant NsG-555 
Pr inc ipa l  Inves t iga tor :  G. L. Pearson 
S t a f f :  A. Young* 
The purpose of t h i s  project  is t o  s t u d y  t h e  behavior of shallow 
donors i n  gall ium phosphide. I n  p a r t i c u l a r ,  S, Se, and Te w i l l  be 
d i f fused  i n t o  GaP t o  determine s o l u b i l i t y  and d i f fus ion  parameters. 
This  information w i l l  be usefu l  i n  de l inea t ing  t h e  proper t ies  of GaP 
doped with these  shallow donor impuri t ies .  
Doping Eff ic iency  of Diffused Layer 
We have not y e t  obtained incremental  r e s i s t i v i t y  d a t a  on our  
d i f fused  layers  of s u l f u r  i n  Gap. Measurements on one sample ((2-31, 
however, show t h a t  t h e  sheet  r e s i s t i v i t y  decreased by a f a c t o r  of 6 - 7 
a f t e r  d i f fus ion .  I f  we assume a upiform di f fused  l aye r  of 10 1 depth 
(estimated from rad io t r ace r  data),  then t h e  average c a r r i e r  concentrat ion 
i n  t h e  l aye r  increased by a f a c t o r  of 500 t o  1.6 X 10 cm . This  is  i n  18 -3 
t h e  range of dopings obtained by o the r  methods, e.g., vapor e p i t a x i a l  
and so lu t ion  growth, f o r  shallow donor impur i t ies  i n  Gap. 
P-N Junct ions 
E f f o r t s  were made t o  de tec t  poss ib le  non-planarity i n  t h e  s u l f u r  
d i f fus ion  f r o n t  by d i f f u s i n g  sulfur-35 i n t o  p-type Gap. The base mater ia l  
was grown by t h e  vapor phase e p i t a x i a l  technique and doped from a Zn-Ga 
a l l o y  source. No junc t ion  was found when t h e  c r y s t a l  was angle-lapped 
and etched. 
The poss ib le  explanation f o r  t h i s  r e s u l t  confirms ca l cu la t ions  
made by Diesschke concerning t h e  doping p r o f i l e  i n  t h e  e p i t a x i a l  mater ia l  
* 
NSF Fellow 
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used.' 
apparent hole  concentrat ion 2-3 X 10 cm . The A face,  hwever ,  was 
n-type with a c a r r i e r  concentrat ion i n  the  10 
19 
Dierschke's ca l cu la t ions  pred ic t  a z inc su r face  concentrat ion of 1.5 X 10 , 
with concentrat ion decreasing three orders  of magnitude i n  8 m i l s .  
t h e  A f a c e  would be expected t o  be converted t o  n-type, or become 
h ighly  compensated. The undiffused c r y s t a l  was cleaved and etched, 
revea l ing  a p-n junc t ion  approximately i n  t h e  cen te r  of a 16 m i l  sample. 
Hal l  measurements showed t h a t  t h e  B f a c e  was p-type with an 
16 -3 
14 -3 - 1015 cm range. 
Thus, 
These r e s u l t s  demonstrate t h e  non-homogeneous doping obtained 
from c r y s t a l s  grown by t h e  method discussed. We hope t o  obta in  homo- 
geneous p-type c r y s t a l s  by t h e  same vapor e p i t a x i a l  technique, but using 
a v o l a t i l e  organometall ic compound - d ie thy l  z inc - as  t h e  doping source. 
Oxide Maskine: 
2 
S i l i c o n  oxide (Si0 ) f i lms approximately 50001 t h i c k  were 2 
deposited on GaP c r y s t a l s  by oxidation of s i lane .3  
i n  t h e  presence of excess phosphorus were performed a t  1200 C f o r  12 hours. 
Diffusions of s u l f u r  
0 
The oxide f i lms  were very adherent under these  condi t ions,  and good 
su r faces  were re ta ined .  
e l ec t ron  bombardment of an S i 0  source,  tended t o  f l a k e  of f  under 
d i f f u s i o n  conditions.)  Quan t i t a t ive  results a r e  not a v a i l a b l e  but 
prel iminary experiments i nd ica t e  t h a t  s i g n i f i c a n t  amounts of s u l f u r  can 
be d i f fused  through t h e  f i l m s .  Surface concentrat ions a r e  lower than 
i n  t h e  absence of the  oxide f i lms,  but use of such f i lms  may be of 
p r a c t i c a l  importance i n  t h e  actual  f a b r i c a t i o n  of devices.  
Diffusion P r o f i l e s  
( I n  cont ras t ,  f i lms  10002 th i ck ,  obtained by 
2 
An e tch ing  technique has been used t o  check some of t h e  
- 2 -  
L 
i b  n 
previously determined p ro f i l e s .  
which revea ls  d i s loca t ions  and s tacking f a u l t s  on t h e  A f ace  and i s  a 
The e t ch  i s  (8g K3(CN)6: 12g KOH: lOOg H20) 
4 
pol i sh ing  e t ch  on t h e  B face.  The r e s u l t s  shown i n  Fig. 1 i n d i c a t e  t h a t  
t h e  p r o f i l e  i s  more complex than previously thought, and t h a t  t h e  mechanical 
lapping technique used e a r l i e r  gave only a gross approximation t o  t h e  
a c t u a l  p ro f i l e .  A 3 p, l aye r  of r ap id ly  decreasing concentrat ion i s  
followed by a more near ly  e r f c  var ia t ion .  
l i k e  those observed f o r  s u l f u r ,  selenium, and t i n  i n  GaAs. 
This  p r o f i l e  i s  more nea r ly  
596 
I n  our  rad ioac t ive  counting measurements, absorpt ion of t h e  
798 0.167 MeV sulfur-35 be ta  p a r t i c l e s  has been taken i n t o  account. 
F igure  2 shows a p l o t  of t h e  absorbing power of var ious ma te r i a l s  as  
determined i n  t h i s  laboratory.  We have assumed t h e  absorpt ion c o e f f i -  
c ient  f o r  t h e  be tas  i n  GaP t o  be t h e  same as  t h a t  i n  aluminum. 
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FIG. 2 - Absorption of Sulfur-35 B e t a  P a r t i c l e s  i n  Various Mater ia l s .  
